An unexpected breakdown of the isobaric multiplet mass equation in the A = 20, T = 2 quintet was recently reported, presenting a challenge to modern theories of nuclear structure. In the present work, the excitation energy of the lowest T = 2 state in 20 Na has been measured to be 6498.4 ± 0.2stat ± 0.4syst keV by using the superallowed 0 + → 0 + beta decay of 20 Mg to access it and an array of high-purity germanium detectors to detect its γ-ray deexcitation. This value differs by 27 keV (1.9 standard deviations) from the recommended value of 6525 ± 14 keV and is a factor of 28 more precise. The isobaric multiplet mass equation is shown to be revalidated when the new value is adopted.
An unexpected breakdown of the isobaric multiplet mass equation in the A = 20, T = 2 quintet was recently reported, presenting a challenge to modern theories of nuclear structure. In the present work, the excitation energy of the lowest T = 2 state in 20 Na has been measured to be 6498.4 ± 0.2stat ± 0.4syst keV by using the superallowed 0 + → 0 + beta decay of 20 Mg to access it and an array of high-purity germanium detectors to detect its γ-ray deexcitation. This value differs by 27 keV (1.9 standard deviations) from the recommended value of 6525 ± 14 keV and is a factor of 28 more precise. The isobaric multiplet mass equation is shown to be revalidated when the new value is adopted. Isospin symmetry considers the proton and the neutron to be degenerate states of the same particle motivated by their similar masses and similar interactions via the strong nuclear force [1, 2] . In reality, isospin symmetry is broken by the different charges and masses of the two particles. These evident differences can be accounted for by using first-order perturbation theory, restoring the broad utility of isospin symmetry in nuclear structure and nuclear astrophysics [3] . In particular, the nuclear states that are members of a multiplet of isospin T are not perfectly degenerate, but their mass excesses ∆ can be related by the simple Isobaric Multiplet Mass Equation (IMME) [4, 5] ,
In Eq. (1), T z = (N −Z)/2 is the projection of the isospin and a, b, and c are coefficients that can be calculated theoretically, or determined empirically by using the IMME to fit the experimentally determined mass excesses of the multiplet [3] . A poor fit indicates a breakdown of the IMME, which can be quantified by nonzero d and e coefficients to cubic or quartic terms in T z , respectively. Charge-dependent nuclear forces, second-order Coulomb effects, and three-body interactions have been predicted to produce d coefficients with magnitudes lower than ≈ 1 * glassman@nscl.msu.edu † perezlou@nscl.msu.edu ‡ wrede@nscl.msu.edu keV [6] [7] [8] [9] [10] provided the most neutron-deficient member of the multiplet is bound and mixing between states of different isospin is weak; values beyond this represent a significant and unexpected breakdown.
The A = 20, T = 2 multiplet consisting of the lowestenergy T = 2 states in 20 Mg, 20 Na, 20 Ne, 20 F, and 20 O is the lightest quintet for which the most neutron-deficient (T z = −2) member ( 20 Mg) is bound [3] and, in addition, isospin mixing is expected to be weak in this system [11] . Independence from these potentially dominant effects makes the A = 20 quintet an ideal testing ground for more subtle deviations from the IMME [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Recently, the ground state mass of 20 Mg was measured to high precision, enabling the most stringent test of the IMME in the A = 20, T = 2 multiplet [11] so far. The authors concluded that the IMME is violated, presenting a major unexpected challenge to modern shell-model calculations. However, the other masses and excitation energies in the multiplet were necessarily adopted from evaluations of existing data; inaccurate adopted values could potentially lead to erroneous conclusions about the validity of the IMME. Therefore, it seems prudent to check, and improve upon, the other values.
The largest uncertainty, by far, is the 14 keV uncertainty associated with the mass excess of the lowest T = 2 state in 20 Na [3] , which is based on measurements of the energies of 20 Mg β-delayed protons [18, 24, 25] . Although T = 1/2 proton emission from a T = 2 state to produce T = 1/2 19 Ne is forbidden by conservation of isospin, the 20 Na state is sufficiently proton unbound (by > 4 MeV) that the proton emission proceeds anyways and is, in fact, the dominant decay mode. Nevertheless, isospin suppression of the proton width should be strong enough to provide an observable γ-decay branch of a few percent. If the γ rays from the lowest T = 2 state of 20 Na could be observed by using high-resolution γ-ray detectors then the excitation energy could be determined to much higher precision and accuracy. Adding the excitation energy to the recently determined precise groundstate mass of 20 Na [22, 26] would provide the mass of the lowest T = 2 state, which could then be used for an improved IMME test. We measured the excitation energy of the lowest T = 2 state in 20 Na by using the β-delayed γ decay of 20 Mg (Fig. 1 ), which has only been measured once before yielding a single 20 Na γ-ray transition from a low-lying bound state [25] .
The experiment was carried out at Michigan State University's National Superconducting Cyclotron Laboratory (NSCL), which provided a fast radioactive 20 Mg beam by using projectile fragmentation of a 170 MeV/u, 60 pnA 24 Mg primary beam from the Coupled Cyclotron Facility, incident upon a 961 mg/cm 2 9 Be transmission target. The 20 Mg ions were separated from other fragmentation products by magnetic rigidity by using the A1900 fragment separator, which incorporated a 594 mg/cm 2 Al wedge [27] . Rates of up to 4000 20 Mg ions s −1 were delivered to the experimental setup. Beam ions were cleanly identified by combining the time of flight from a scintillator at the focal plane of the A1900 to a 300-µm-thick silicon detector located ≈ 70 cm upstream of the counting station with the energy loss in the latter. Between runs, the beam intensity was attenuated and the composition was sampled to avoid excessive radiation damage to the Si detector, which was extracted while running. The average composition of the beam delivered to the experiment was found to be 43 % 20 Mg with the contaminant isotones 18 Ne (28 %), 17 F (7 %), 16 O (19 %), and 15 N (3 %). The 20 Mg ions were implanted in a 25-mm thick plastic scintillator. The scintillator recorded the ion implantations and their subsequent β decays. The Segmented Germanium Array (SeGA) of high-purity Ge detectors [28] surrounded the scintillator in two coaxial 13-cm radius rings consisting of 8 germanium detectors apiece and it was used to detect γ rays. The NSCL digital data acquisition was employed [29] .
The SeGA spectra were gain matched to produce cumulative spectra by using the strong γ-ray lines from room-background activity with transition energies of 1460.851 ± 0.006 keV (from 40 K decay) [30] and 2614.511 ± 0.010 keV (from 208 Tl decay) [31] as reference points, providing an in situ first-order energy calibration. In order to reduce the room-background contribution to the γ-ray spectra, a β-coincident γ-ray spectrum was produced by requiring coincidences with β particle signals from the implantation scintillator. Lines with well known transitions energies of 1633.602 ± 0.015, 3332.84 ± 0.20, 6129.89 ± 0.04, 8239 ± 4, and 8640 ± 3 keV [32, 33] from the β-delayed γ (and α-γ) decays of 20 Na (the daughter of 20 Mg β-decay) were observed with high statistics and used together with the two room-background lines for a more extensive energy calibration. Corrections for the energy carried by daughter nuclei recoiling from γ-ray emission were applied throughout the calibration procedure.
Clear evidence for a new γ ray at a laboratory energy of 5513.9 ± 0.2 stat ± 0.4 syst keV was observed (Fig.  2) . This peak was confirmed to be from a high-lying level of 20 Na by placing a coincidence condition on the well-known 984 keV 20 Na γ-ray transition (Fig. 3 ) [25] , showing that the 5514 keV γ ray feeds the 984 keV level. The latter peak was observed at a laboratory energy of 983.70 ± 0.00 stat ± 0.10 syst keV (Fig. 4) . The statistical uncertainties associated with the energies of these peaks were determined by fitting them with Gaussian and exponentially modified Gaussian functions and a linear background. The systematic uncertainty was dominated by uncertainties associated with the energy calibration including the adopted nuclear data and the peak-fitting procedure, which was varied to test the sensitivity to details. Applying the recoil correction yields values of 983.73±0.00 stat ±0.10 syst keV and 5514.7±0.2 stat ±0.4 syst keV for the transition energies.
Adding the 984 and 5515 keV γ-ray transition energies yields a 20 Na excitation energy of 6498.4±0.2 stat ±0.4 syst keV for the observed state (for subsequent calculations we combine the two uncertainties in quadrature and use the value 6498.4 ± 0.5 keV). There are two pieces of evidence that this state corresponds to the lowest T = 2 state of 20 Na. First, it would be surprising to observe β-delayed γ decays from a T = 1 20 Na state that is unbound by sev- FIG. 2 . β-coincident γ-ray spectrum focusing on the 5514 keV peak.
FIG. 3.
β-coincident γ-ray spectrum, with additional coincidence gating condition on the 984 keV 20 Na γ-ray peak (Fig.  4) , focusing on the 5514 keV peak.
eral MeV, but such an observation is not unexpected for a T = 2 state in a T z = −1 nuclide because, as discussed above, proton emission is isospin forbidden. Second, the lowest T = 2 state is predicted by the sd shell model to have a dominant decay branch to the 984 keV state, as we observed (the other primary branches are expected to be more than an order of magnitude weaker and were not observed).
The present excitation energy of the lowest T = 2 state is 27 keV (1.9 standard deviations) lower than the value of 6525 ± 14 keV from the most recent data evaluation [3] , which was based on several measurements of 20 Mg β-delayed proton emission [18, 24, 25] . The present value is also 28 times more precise. Adopting our new value for the excitation energy of the lowest T = 2 state in 20 Na and the recently measured [22] and evaluated [26] 20 Na ground-state mass excess of 6850.6±1.1 keV yields a mass excess of 13349.0 ± 1.2 keV for the T = 2 state, where the uncertainties have been combined in quadrature.
We have adopted this value together with the recommended values for 20 O, 20 F, and 20 Ne from Ref. [3] , and   FIG. 4 . β-coincident γ-ray spectrum focusing on the 984 keV peak. the recently measured precise value of the 20 Mg mass from Ref. [11] to test the IMME in the A = 20, T = 2 multiplet (Table I ). In addition to applying a standard quadratic IMME fit [Eq. (1)], we fit the data using a cubic fit, a quartic fit, and a quartic fit with the cubic coefficient set to zero in order to gauge the potential need for extra terms. The coefficients derived from the fits are reported together with the goodness of the fits in Table  II . The quadratic IMME is found to provide an excellent fit to the data, yielding χ 2 /ν = 2.4/2. The small residuals of the fit (Fig. 5) reflect the improvement in the precision and accuracy of the T z = −1 member of the multiplet, 20 Na, which is now one of the two most precisely known members of the quintet. When a cubic term is added, the d coefficient is found to be 0.8 ± 0.5 keV, which is less than 1 keV, consistent with zero, and consistent with the value of −0.1 keV predicted by the shell model [11] within two standard deviations. In contrast to Ref. [11] , which reported d = 2.8 ± 1.1 keV leading to the assertion that the IMME is violated, we find that the IMME is revalidated. Therefore, there is no need to introduce exotic new subatomic theories to explain the current experimental data.
Combined with the recently determined mass of 20 Mg from Ref. [11] , our new value for the isobaric-analog (Tables I  and II) .
state mass also yields a Q EC value for the superallowed 0 + → 0 + transition of 4128.7 ± 2.2 keV. This value is sufficiently precise to enable competitive searches for scalar current contributions to nuclear β decay using the kinematic broadening of the 20 Mg β-delayed proton peaks [34, 35] . It can also be used in a precise determination of the f t value for this decay, which would provide a test of the isospin-symmetry breaking calculations used to extract the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V ud from the superallowed decays of T = 1 nuclides [36, 37] . More precise values for the half-life of 20 Mg and its superallowed branching are still needed in order to determine a sufficiently precise f t value.
Together with the A = 32 case [36] , the present work establishes β-delayed γ decay as a viable method to measure precise and accurate excitation energies for the T z = −1 members of T = 2 quintets, despite the fact that these states are typically unbound to proton emission by several MeV. For example, we anticipate that this method could be applied to the decays of 24 Si, 28 S, 36 Ca, and so on, given sufficient rare-isotope production and a sufficiently sensitive γ-ray spectrometer.
In conclusion, recent results indicated that the IMME unexpectedly breaks down in the A = 20, T = 2 quintet [11] . Using the β-delayed γ decay of 20 Mg, we measured the excitation energy of the lowest T = 2 state of 20 Na. Our value differs by 27 keV from the recommended value and is a factor of 28 more precise. When our new value is adopted in a test of the IMME using the A = 20, T = 2 quintet, we find that the IMME is revalidated. Therefore, exotic nuclear structure is not currently needed to describe the data on this quintet.
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